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Two methods were studied to improve the optical quality of InAs quantum dot nanostructures grown
in lattice-matched InAlGaAs/ InP double heterostructures of a center wavelength around 1.55 mm.
By either inserting InAlAs/ InGaAs superlattices between the InAlGaAs waveguide and the upper
InAlAs cladding layer, or depositing a tensile-strained InGaAs strain-balance layer after the
quantum dot formation, the optical quality of the quantum dot samples is greatly improved and a
strong room-temperature photoluminescence is observed. The InGaAs strain-balance layer can be
used to reduce the overall strain of the heterostructure, which makes it possible to stack a large
number of quantum dot layers to improve the uniformity of the dot size distribution and increase the
optical gain volume for high performance photonic device applications. © 2005 American Vacuum
Society. fDOI: 10.1116/1.1881632gI. INTRODUCTION
During the last decade, semiconductor lasers containing
quantum dot sQDd nanostructures in the active region have
been extensively studied due to the attractive physical prop-
erties expected from the three-dimensional carrier confine-
ment. It has been shown both theoretically and experimen-
tally that the high quality coherent QDs self-assembled under
the Stranski–Krastanov sSKd growth mode can provide some
unique device characteristics such as low threshold current
density, high characteristic temperature, and ultrahigh differ-
ential gain.1–3 While most of these studies have concentrated
on the InAs/GaAs QD system, substantial efforts have been
devoted in achieving the long wavelength laser
s1.3–1.55 mmd for telecommunication applications.4,5 Al-
though GaAs-based QD lasers with an emission wavelength
of 1.3 mm have been reported, lasers with emission wave-
length centered at 1.55 mm are still absent.4,5 As a result, an
alternative approach, the InP-based InAs QD system is at-
tracting more attention.6–8 However, compared with
InAs/GaAs system, the growth of the InAs QDs on
InP-based materials is complicated by the small strain s3.2%d
between InAs and the matrix layer, possible chemical alloy-
ing with the substrate,9 strong phase separation of the matrix
layer material during epitaxy,6 and anisotropic stress
relaxation.10
Recently, several groups have reported long wavelength
lasers containing InAs nanostructures in the active region on
conventional InP s100d substrates. Almost all of the room
temperature operating laser devices used InAs quantum
“dashes,” rather than QDs, as the active region.11,12 How-
ever, InAs QD lasers on InP substrate can only be operated at
low temperature.13,14 This difference may stem from the po-
larization effect from the dash and the different interface
properties above the InAs nanostructures. In this study, we
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material quality of the upper InAlAs cladding layer in het-
erostructures to improve the optical quality of the QD het-
erostructures.
II. EXPERIMENT
The InAs QD/InAlGaAs/ InP double heterostructure
sDHd samples used in this work were grown in a solid-source
molecular beam epitaxy system using valved arsenic cracker
on S-doped f100g InP substrates. The InP surface oxide de-
sorption temperature was set as 500 °C. Figure 1 shows two
different heterostructures used in this study. The basic struc-
tures are similar which consisted of 15 pairs of Si-doped
s100 Å In0.52Al0.48As/50 Å In0.53Ga0.47Asd superlattices
sSLsd buffer layer and 1 mm Si-doped In0.52Al0.48As lower
cladding layers grown at 540 °C with an arsenic overpres-
sure of 2.2310−6 Torr. Then, a 1300 Å undoped
In0.52Al0.34Ga0.14As lower waveguide layer was grown. Dur-
ing the growth of the lower waveguide layer, the growth
temperature was gradually lowered to reach the optimal
growth temperature of the active region, while the arsenic
overpressure was maintained at the same level. The active
regions of both structures shown in Fig. 1 contain five layers
of periodically repeated InAs QDs self-assembled on
InAlGaAs matrix layer.7 The growth temperature for the
QDs was at 500 °C. The arsenic overpressure during QDs
growth was set at 2.5310−6 Torr. Before and after the depo-
sition of InAs QD layer, 30 s growth interruptions under ar-
senic flux were inserted to stabilize the growth front. During
the initial InAs deposition, the reflection high-energy elec-
tron diffraction sRHEEDd patterns showed the layer-by-layer
growth, followed by island formation, indicating the growth
was governed by the SK growth mode. The thickness of the
InAlGaAs barrier layer between the neighboring InAs QD
layers was 150 Å to increase the optical gain coupling in the
active region. After the growth of the active region, a 1300 Å
undoped InAlGaAs upper waveguide layer and a 1 mm
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same growth conditions as the lower layers. Finally, a
1200 Å Be-doped InGaAs contact layer was deposited to cap
the whole structure. The growth rate for the whole structure
was set at 1 mm/h, except that the QD layer was grown at
0.06 monolayers sMLd / s.
In the first DH shown in Fig. 1sad, ten pairs of
s100 Å InAlAs/50 Å InGaAsd SLs were inserted between
the InAlAs upper cladding layer and the InAlGaAs upper
waveguide layer. The growth temperature for the SL layers
was 540 °C. The second DH shown in Fig. 1sbd uses an
improved active region design. After the deposition of
4.5 MLs InAs on InAlGaAs matrix layer to form self-
assembled QDs, 5.5 MLs tensile-strained In0.2Ga0.8As strain-
balance layer sSBLd were deposited to compensate the com-
pressed strain caused by the QD formation. Next, a 150 Å
InAlGaAs barrier layer was deposited and the structures
were repeated for five times. The samples were characterized
by both 300 and 77 K photoluminescence sPLd measure-
ments. The 77 K PL measurements were performed in a liq-
uid nitrogen cooled cryostat. The excitation source of the PL
measurements was the 514.5 nm line of an Ar+ laser. A liq-
uid nitrogen cooled Ge detector mounted on a 0.5 m spec-
trometer was used for detection in lock-in mode. High-
resolution x-ray diffraction was used to study the overall
strain effect in QD samples.
III. RESULTS AND DISCUSSIONS
In InAs QD/InAlGaAs/ InP DHs, the PL quality degrades
with increasing the thickness of the upper cladding layer. In
DHs with a thin s1000 Åd upper cladding layer, strong
300 K PL was routinely observed. However, room tempera-
ture PL of the QD sample with 1 mm InAlAs upper cladding
layer, which was grown under the identical conditions, was
almost annihilated. The problem encountered could be re-
sulted from the rough growth front above the QD active re-
gion. Since the growth of InAlAs is sensitive to the crystal
quality of the underneath film,15 the rough growth front and
FIG. 1. Structure diagrams of the 5-layer QD samples with improved struc-
ture design. sad QD sample with 10-pair InAlAs/ InGaAs SLs between the
waveguide and cladding layers; sbd QD sample with tensile-strained InGaAs
strain-balance layer.the strain accumulation due to the QD deposition in the ac-
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cladding layer and thus a poor optical quality.
The first improved DH design, as shown in Fig. 1sad, aims
at solving the problem caused by the growth front roughness
at the surface of the active region. Because of the reduced
strain between InAs and InP substrate s,3.2%d compared
with InAs/GaAs system s,7.2%d, the average size and
height of InAs QDs self-assembled on InP-based materials
are usually much larger than QDs formed on GaAs sub-
strates. This makes it difficult to recover the rough growth
front above the QDs. Since a thin InAlGaAs barrier layer
s150 Åd was used to enhance the optical gain coupling be-
tween neighboring QD layers, the growth front roughness
got worse. During the growth, a segmented RHEED pattern
was observed at the end of InAlGaAs waveguide layer
growth, which indicates a rough growth front at the begin-
ning of the upper InAlAs cladding layer. After adding the SL
structure above the upper waveguide layer, a clear s234d
RHEED pattern was observed just before the growth of the
1-mm-thick upper InAlAs cladding layer, showing that the
growth front has been effectively smoothed out by the SL
structure. Figure 2 shows the 300 and 77 K PL spectra of the
QD sample embedded with SL structures. A strong 300 K PL
emission indicates the high optical quality of the QD DH
with SL structure inserted. The peak wavelength of the
300 K PL emission remains around 1.6 mm, similar to the
reference sample with no SL structures, indicating the SL
structures between the cladding and waveguide layers have
little effects on the electronic structure of the active region.
In the second DH design, the tensile-strained In0.2Ga0.8As
SBLs were used. It was shown that stacking QD layers can
improve the uniformity of QD distribution as well as in-
crease the optical gain volume in a laser structure.16 As a
result, the photonic device performance can be greatly im-
proved. Since InAs QDs are compressive strained on the InP
substrate, the accumulated strain in multilayer QD structures
leads to the generation of dislocations, which severely de-
grades the device performance. This is especially true when
thin barrier layers between QD layers are used. The SBLs
developed in a previous study can be used to effectively
solve this problem.17 Figure 3 shows the x-ray diffraction
FIG. 2. Room-temperature and 77 K PL spectra of the InAs QD sample with
10-pair InAlAs/ InGaAs SLs inserted between the waveguide and cladding
layers. The InAlGaAs barrier thickness is 150 Å.rocking curves of five-layer InAs QD samples with and with-
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both curves is from the InP substrate. The strong asymmetric
distribution of the satellite peaks in the rocking curve of the
QD sample without SBL indicates the existence of a net
strain in the structure. The satellite peaks are distributed
mainly on the left-hand side of the InP substrate peak, indi-
cating a net compressive strain existing in the QD structure
without SBL. When the 5.5 MLs In0.2Ga0.8As SBLs were
deposited after each InAs layer, the distribution of the satel-
lite peaks in the rocking curve becomes symmetric, indicat-
ing the compressive strain caused by the QD formation has
been effectively balanced.
Another important feature of the use of SBLs is that it can
effectively smooth out the rough growth front caused by the
QD formation. As indicated in Ref. 17, the spotty and chev-
ron RHEED patterns formed during the QD growth recover
quickly to streaky after the deposition of the SBL, indicating
a smooth growth front has been achieved. Thus, stacking
multiple QD layers with thin barrier layers is easily achiev-
able. Thus, SBL makes it possible to stack a large number of
QD layers in heterostructures to achieve high optical gain
volume with highly uniform QD size distribution. The
smooth growth front above the upper waveguide layer pro-
vides a good platform for the growth of high quality upper
InAlAs cladding layer. Figure 4 shows the 300 and 77 K PL
spectra of the QD samples embedded with SBLs. A strong
300 K PL emission centered at 1.5 mm indicates an excellent
optical quality of the QD heterostructure. It should be
pointed out that the peak wavelength of the QD sample in-
serted with In0.2Ga0.8As SBL has a 52 meV blueshift. This is
caused by the increased quantum confinement of the
In0.2Ga0.8As SBL, which has a larger band gap than the
InAlGaAs matrix layer.
Figure 5 compares the 300 K PL intensity of QD samples
with different structures as a function of the upper InAlAs
cladding layer thickness. All these samples were mounted
together on the sample holder for PL measurements to mini-
mize possible errors. The intensity data used in Fig. 5 corre-
FIG. 3. HRXRD rocking curves of 5-layer InAs QD samples. sad QD sample
with 5.5 MLs tensile-strained InGaAs SBL; sbd QD sample without SBL.
The peak of the highest intensity at 0° is from the InP substrate.spond to the peak intensity of the PL spectra. It is clearly
JVST B - Microelectronics and Nanometer Structuresshown that in a conventional DH, the PL intensity decreases
dramatically with increasing the upper InAlAs layer thick-
ness. The 300 K PL intensity of QD sample with 1 mm up-
per InAlAs cladding layer was extremely weak. Also shown
in Fig. 5 is the 300 K PL intensities of the QD samples using
improved DH designs for comparison. The 300 K PL inten-
sities of the sample with InAlAs/ InGaAs SLs and five-layer
strain-balanced QDs are about 10 and 20 times stronger than
that of the conventional QD DHs, respectively. This proves
that both improved DH designs can greatly enhance the op-
tical quality of the QD structures. Furthermore, a sample
with ten-layer strain-balanced QDs active region has even
stronger PL intensity. This indicates the great potential of
stacking more QD layers with SBLs to improve the photonic
device performance.
IV. CONCLUSION
Two DH designs are proposed, namely inserting the
InAlAs/ InGaAs SL between the upper waveguide and clad-
ding layer, and using tensile-strained In0.2Ga0.8As SBL to
balance the compressive strained QDs, to improve the optical
property of the InAs QD/InAlGaAs/ InP DHs. PL measure-
ments proved that using the improved structures, the optical
quality of QD samples is greatly improved and strong 300 K
PL emission can be achieved. Furthermore, stacking more
FIG. 4. Room-temperature and 77 K PL spectra of the InAs QD sample with
tensile-strained InGaAs SBL. The InAlGaAs barrier thickness is 150 Å and
the SBL thickness is 5.5 MLs.
FIG. 5. 300 K PL intensities of the QD samples with no improved structures
as a function of the thickness of the top InAlAs layer. The 300 K PL inten-
sities of the QD samples with improved structures are also included for
comparison.
1128 Z. H. Zhang and K. Y. Cheng: Growth of high optical quality InAs quantum dots 1128QD layers with SBLs can further improve the optical quality
of the QD samples and provide a great potential in fabricat-
ing high performance photonic devices.
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